We have submitted our dataset to the Gene Expression Omnibus, accession number GSE78775: (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78775>). All other relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Gastric cancer, as one of the most common digestive malignant tumors, is a leading cause of cancer-related death worldwide \[[@pone.0158961.ref001]\]. To date, the long-term prognosis of patients with advanced gastric cancer hasn't been largely improved. The main reason is an insufficient understanding of the mechanism underlying gastric carcinogenesis and a lack of biomarkers for early diagnosis. Therefore, achieving a better understanding of the molecular mechanism underlying gastric carcinogenesis might improve the diagnosis, prognosis and treatment of gastric cancer.

MiRNAs are evolutionarily conserved, endogenous non-coding single-stranded RNAs about 20--23 nucleotides in length. MiRNAs negatively regulate protein expression through complementarity between the miRNA seed sequence and the 3' untranslated region (3'UTR) of its target gene, resulting in degradation of target mRNAs and/or inhibition of mRNAs translation \[[@pone.0158961.ref002]\]. As a large family of gene regulators, miRNAs are closely associated with various cellular processes, such as proliferation, apoptosis, differentiation and metabolism \[[@pone.0158961.ref003]\]. These cellular processes are commonly found dysregulated in cancer, suggesting that miRNAs may be involved in carcinogenesis. MiRNAs are found aberrantly expressed in a variety of human malignancies, such as lung, prostate, pancreas, liver, kidney and esophagus cancers \[[@pone.0158961.ref004]--[@pone.0158961.ref009]\].

By comparing miRNA expression profiles, we found that miR-148a was dramatically down-regulated in gastric cancer tissues compared with the matched normal mucosal tissues. Dysregulation of miR-148a was also reported in chronic lymphocytic leukemia, hepatoblastoma, breast cancer, cholangiocarcinoma and gastric cancer \[[@pone.0158961.ref010]--[@pone.0158961.ref014]\]. In the current study, we detected miR-148a expression in gastric cancer tissues and the matched normal mucosal tissues using quantitative real-time PCR (qRT-PCR), and analyzed the correlation between miR-148a expression and the clinicopathologic features. Subsequently, we embarked a comprehensive study of miR-148a in gastric cancer and demonstrated that miR-148a exerts anti-oncogenic effects *in vitro and in vivo*. CCK-BR, as a member of G-protein coupled receptors for gastrin and cholecystokinin, is principally expressed in the central nervous system and the gastrointestinal tract and mainly involved in gastric acid secretion and calcium signaling pathway. Using bioinformatics and experimental method, CCK-BR was mechanistically identified as a direct target of miR-148a. In conclusion, our results suggest that miR-148a functions as a gastric cancer suppressor through regulation of CCK-BR and its downstream effectors.

Materials and Methods {#sec002}
=====================

Ethics Statement {#sec003}
----------------

Written informed consent in the study was obtained from all patients. This study was approved by the ethics committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. Animal procedures were carried out according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine.

Tissue Samples {#sec004}
--------------

Primary gastric cancer tissues and matched normal mucosal tissues were collected from 73 gastric cancer patients undergoing radical gastrostomy at the Department of Surgery, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. None of the patients undergoing surgery received preoperative treatment. Tissue samples were immediately snap-frozen in liquid nitrogen and stored in a refrigerator at −80°C. Clinicopathological data were reviewed, and TNM staging classification was based on criteria of American Joint Committee on Cancer (AJCC, 6th edition). All samples were verified by pathological examination.

Cell Lines and Culture {#sec005}
----------------------

Gastric cancer cell lines SNU-1 (ATCC: CRL-5971), SNU-16 (ATCC: CRL-5974), AGS (ATCC: CRL-1739), NCI-N87 (ATCC: CRL-5822) and KATOIII (ATCC: HTB-103) were purchased from the American Type Culture Collection (Manassas, VA, USA). Gastric cancer cell lines SGC-7901, BGC-823, MKN-45 and MKN-28 were purchased from Shanghai Institutes for Biological Sciences, Chinese Academy of Science (Shanghai, China). The human embryonic kidney cell line 293T (HEK 293T) was preserved in our institute. The gastric cancer cell lines were routinely cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS). HEK 293T was cultured in DEME supplemented with 10% heat-inactivated FBS. Exponentially growing cells were used for experiments.

MicroRNA microarray {#sec006}
-------------------

Twenty-eight pairs of gastric cancer tissues and the matched normal mucosal tissues were performed by human microRNA microarray v.12.0 (Agilent Technologies). The procedure and images process method as described previously \[[@pone.0158961.ref015]\].

RNA Isolation and qRT-PCR {#sec007}
-------------------------

Total RNA isolation from tissues or cell lines was performed using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The expression level of mature miR-148a in cell lines and tissue samples was detected by qRT-PCR and calculated as described \[[@pone.0158961.ref016]\]. The expression level of CCK-BR mRNA was measured by qRT-PCR according to the Taqman® Gene Expression Assays (Applied Biosystems, Foster City, CA, USA). The GAPDH mRNA level was used for normalization. The relative expression of CCK-BR mRNA compared with GAPDH mRNA was calculated using the 2^-ΔCT^ method.

RNA Oligonucleotides and Transfection {#sec008}
-------------------------------------

MiR-148a mimics and negative control, miR-148a inhibitors and negative control were purchased from GenePharma (Shanghai, China). The specific siRNA sequence 5'-AAGCGCGTGGTGCGAATGTTG-3' resides in exon 5 of the human CCK-BR gene (Genbank accession No. NM_176875). The control siRNA sequence 5'-AAGCTTCATAAGGCGCATAGC-3' is located on chromosome 11 of the mouse and has no homology with the human genome by BLAST comparison. Transfection procedure as described in detail previously \[[@pone.0158961.ref017]\].

Cell Proliferation Assay {#sec009}
------------------------

SGC-7901 and MKN-45 cell proliferation was accessed by Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. At 24 h post-transfection with miRNA inhibitors or inhibitor control, SGC-7901 or MKN-45 cells were seeded into 96-well plates (3 × 10^3^ cells/well), and cell proliferation was monitored as described previously \[[@pone.0158961.ref017]\]. After construction of miR-148a expression vector (p*Silencer*/miR-148a) and selection of stably transfected NCI-N87 cells, cell proliferation assay was performed in the same way. All experiments were performed in triplicate.

Cell Migration Assay {#sec010}
--------------------

Cell migration of NCI-N87, SGC-7901 and MKN-45 was assessed using Transwell chambers (8 μm, 24-well format; Corning, NY, USA) as described in detail previously \[[@pone.0158961.ref017]\]. Five randomly selected fields with 100× magnification were taken and counted to minimize the bias and the data were shown as the mean ± S.D.

Construction of miR-148a Expression Vector {#sec011}
------------------------------------------

The 479 bp DNA fragment encoding the pre-miR-148a hairpin and flanking sequences was PCR-amplified using SGC-7901 cell genomic DNA as the template with the following primers: 5'-ACCCGCTTCAAGGGAATTGGT-3' and 5'-TTGCTGTGACATTGCGACCAG-3' and cloned into the BamHI and HindIII sites of the p*Silencer* 4.1-CMV hygro vector (Applied Biosystems). The primers were synthesized by Sangon Biotech (Shanghai, China) and the construct (p*Silencer*/miR-148a) was verified by sequencing.

Stable Transfection of miR-148a Expression Vector {#sec012}
-------------------------------------------------

NCI-N87 cells were seeded into 6-well plates and transfected with p*Silencer*/miR-148a or p*Silencer*/nc vector. G418 (800 mg/l; Sigma Chemical, St Louis, MO, USA) containing medium was used for selection for three weeks and two stably transfected cell clones named as NCI-N87/miR-148a and NCI-N87/nc were chosen and maintained in medium containing 400 mg/l G418 for further study. Using qRT-PCR, the miR-148a expression in NCI-N87/miR-148a cells was proved dramatically up-regulated compared with that in NCI-N87/nc and parent NCI-N87 cells.

Tumor Xenograft Model {#sec013}
---------------------

A volume of 100 μl PBS containing 1×10^6^ cells of NCI-N87/miR-148a, NCI-N87/nc or NCI-N87 was injected into the right flank region of 4-week-old male nude mice (Institute of Zoology, Chinese Academy of Sciences, Shanghai, China), which were housed at a specific pathogen-free environment. Basing on our experience, the doubling time of NCI-N87 cells is about 4 days and tumor volume in control group reaches to 800--1000 mm^3^ at 4 weeks post-injection. Thus, tumor nodules were measured every 4 days. Meanwhile, aspects of healthy condition, such as body weight, skin color and mobility were evaluated. Tumor volume was evaluated using the following formula: volume = 1/2 × length × width^2^. Reduced mobility was observed in the mice of NCI-N87 group, but no mouse died. Mice were euthanized by CO~2~ asphyxiation after 4 weeks and the tumors were harvested, measured, photographed and pathologically examined.

Bioinformatics Method {#sec014}
---------------------

Putative target genes of miR-148a were obtained from TargetScan and PicTar database. The main criterion for target recognition is base pairing between the seed region of miRNA and the 3'UTR of its target. Basing on this rationale, 5 candidate genes (ATP6AP2, CCK-BR, MEOX2, MITF, SNN) that scored high in both algorithms were selected for experimental verification and CCK-BR protein was proved down-regulated by miR-148a mimics.

Cloning of 3'UTR and Mutant 3'UTRs of CCK-BR into pMIR-REPORT Luciferase Vector {#sec015}
-------------------------------------------------------------------------------

CCK-BR was predicted as a potential target gene of miR-148a using the TargetScan and PicTar algorithms. The 3'UTR of CCK-BR was amplified by PCR from SGC-7901 cell genomic DNA using the following primers: 5'-CATGAGCTCGTAGAGGGGCCGTGGGGGTT-3' and 5'-CATAAGCTT GGAAGGAGAGGGCAGGGCCA-3'. The PCR product was isolated from the gel and subsequently cloned into the SecI and HindIII sites of the pMIR-REPORT luciferase vector (Applied Biosystems) and named pMIR/CCK-BR. After sequencing, this construct was used as the template for four mutant CCK-BR 3'UTRs which were amplified by PCR. The four pairs of primers for their respective first-round PCR product were as follows: 5'-CATGAGCTCGTAGAGGGGCCGTGGGGGTT-3' and 5'-GGAAGGGTGACTCCTTGTCATT-3'; 5'-GATTAATGCCTCAGTTTGTTTT-3' and 5'-CATAAGCTTGGAAGGAGAGGGCAGGGCCA-3'; 5'-CCCAATCACCTCAGTAAATACC-3' and 5'-CATAAGCTTGGAAGGAGAGGGCAGGGCCA-3'; 5'-GCTGTTCAGGAGTCAAAAGGTT-3' and 5'-CATAAGCTTGGAAGGAGAGGGCAGGGCCA-3'; Then, the four first-round PCR products were used as forward or reverse primer matched respectively with following primers: 5'-CATAAGCTTGGAAGGAGAGGGCAGGGCCA-3'; 5'-CATGAGCTCGTAGAGGGGCCGTGGGGGTT-3'; 5'-CATGAGCTCGTAGAGGGGCCGTGGGGGTT-3'; 5'-CATGAGCTCGTAGAGGGGCCGTGGGGGTT-3'. The second-round PCR was performed with the four newly matched-pairs of primers described above. Four second-round PCR products were cloned into the SecI and HindIII sites of the pMIR-REPORT luciferase vector respectively and named pMIR/CCK-BR/mut1, pMIR/CCK-BR/mut2, pMIR/CCK-BR/mut3 and pMIR/CCK-BR/mut4. All constructs were verified by sequencing.

Luciferase Activity Assay {#sec016}
-------------------------

As described in detail previously \[[@pone.0158961.ref018]\], luciferase activity was measured by using dual-luciferase reporter assay (Promega, Madison, WI, USA) according to the manufacturer's instructions.

Western Blot {#sec017}
------------

Cells in culture and tissue samples were respectively lysed using M-PER reagent (Pierce, Rockford, IL, USA) or T-PER reagent (Pierce) in the presence of Cocktail protease inhibitor (Pierce). Western blot was carried out as previously described \[[@pone.0158961.ref016]\]. Rabbit polyclonal antibody against STAT3, p-STAT3 (Tyr705), Akt, p-Akt (Ser473) or CCK-BR (1:1000, Abcam, Cambridge, UK), HRP-conjugated secondary antibody (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used. GAPDH (1:5000, Kangchen, Shanghai, China) was simultaneously used as an internal control. Signals were detected and visualized with Immobilon Western chemiluminescent HRP Substrate (Millipore, Bedford, MA, USA).

Statistical Analysis {#sec018}
--------------------

The relationship between the miR-148a expression level and clinicopathologic parameters was explored by the Pearson *x*^2^ test. The differences between groups were analyzed using Student *t* test, when there were only two groups, or assessed by one-way ANOVA when there were more than two groups. All statistical analyses were performed using the SPSS 15.0 software package. A two-tailed value of P \< 0.05 was considered statistically significant.

Results {#sec019}
=======

MiR-148a expression is Down-regulated in Gastric Cancer and Correlates with Clinicopathologic Parameters {#sec020}
--------------------------------------------------------------------------------------------------------

To explore the role of miRNAs in gastric cancer, we performed miRNA microarray profiling in 28 pairs of gastric cancer tissues and the matched normal mucosal tissues. We have submitted our dataset in the repository of "Gene Expression Omnibus" and the accession number was "GSE78775" (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78775>). Cluster analysis based on the miRNA expression pattern indicated a significant difference between gastric cancer tissues and the matched normal mucosal tissues ([Fig 1A](#pone.0158961.g001){ref-type="fig"}). The miRNA microarray identified 17 miRNAs that were up-regulated in gastric cancer (relative expression ratio \> 2.0) and 11 miRNAs that were down-regulated compared with their matched normal tissues (relative expression ratio \< 0.5) ([Table 1](#pone.0158961.t001){ref-type="table"}). It is known that epithelial-mesenchymal transition (EMT) has a critical role in metastasis which is responsible for early recurrence and poor survival of malignancies and cancer stem cells (CSCs) have the capacity to produce new tumors. For this reason, among the aberrantly expressed miRNAs, miR-148a was chosen as the candidate for further study for its suppressive effects to EMT and the CSCs-like properties in several types of human cancer \[[@pone.0158961.ref019]--[@pone.0158961.ref021]\]. In our previous study, we also found that miR-148a was down-regulated in gastric cancer cell lines relative to normal gastric mucosa \[[@pone.0158961.ref015]\]. All these strengthened our decision for choosing miR-148a for further research.

![MiR-148a expression was down-regulated in gastric cancer tissues and gastric cancer cell lines compared with the corresponding controls.\
(A) MiRNA microarray assay was carried out using 28 surgical specimens of gastric cancer tissues. (B) QRT-PCR was carried out using nine gastric cancer cell lines and one pooled normal gastric mucosa tissue. The mean and standard deviation of miR-148a expression levels are shown. The data represent triplicate measurements from single RNA samples (\*, P \< 0.05, compared with pooled normal gastric mucosa). (C) QRT-PCR was carried out using 41 surgical specimens of gastric cancer tissues (black bar) and matched normal tissues (white bar). The mean and standard deviation of miR-148a expression levels are shown. The data represent triplicate measurements from single RNA samples (\*, P \< 0.05).](pone.0158961.g001){#pone.0158961.g001}

10.1371/journal.pone.0158961.t001

###### Up- and down-regulated miRNAs in microarray.

![](pone.0158961.t001){#pone.0158961.t001g}

  up-regulated miRNAs   down-regulated miRNAs                                
  --------------------- ----------------------- ------ ---- ---------------- ------
  1                     hsa-miR-196a            7.90   1    hsa-miR-375      0.12
  2                     hsa-miR-196b            4.59   2    hsa-miR-31       0.14
  3                     hsa-miR-214             3.30   3    hsa-miR-148a     0.31
  4                     hsa-miR-301a            2.76   4    hsa-miR-31\*     0.34
  5                     hsa-miR-1290            2.74   5    hsa-miR-200a     0.38
  6                     hsa-miR-181b            2.67   6    hsa-miR-200c     0.39
  7                     hsa-miR-622             2.39   7    hsa-miR-141      0.40
  8                     hsa-miR-663             2.32   8    hsa-miR-625      0.41
  9                     hsa-miR-224             2.28   9    hsa-miR-200b\*   0.41
  10                    hsa-miR-1246            2.25   10   hsa-miR-200b     0.46
  11                    hsa-miR-18a             2.22   11   hsa-miR-29c      0.48
  12                    hsa-miR-135b            2.18                         
  13                    hsa-miR-95              2.12                         
  14                    hsa-miR-98              2.10                         
  15                    hsa-miR-125b            2.09                         
  16                    hsa-miR-199a-3p         2.07                         
  17                    hsa-miR-362-5p          2.06                         

To validate the expression trend of miR-148a in the gastric cancer cell lines and gastric cancer tissues obtained from miRNA microarray assay, quantitative real-time RT-PCR (qRT-PCR) was performed to detect miR-148a in nine gastric cancer cell lines and a pooled normal gastric mucosa tissue. As shown in [Fig 1B](#pone.0158961.g001){ref-type="fig"}, miR-148a expression in these nine gastric cancer cell lines was significantly lower than that in a pooled normal gastric mucosa tissue. Furthermore, we detected miR-148 expression in 41 pairs of gastric cancer tissues and the matched normal mucosal tissues. As shown in [Fig 1C](#pone.0158961.g001){ref-type="fig"}, miR-148a was dramatically down-regulated in gastric cancer tissues compared with matched normal tissues (63.34 ± 25.23 *vs* 396.82 ± 98.98, P \< 0.05). Collectively, these results provided sufficient evidence that miR-148a was prominently down-regulated in gastric cancer.

Extensive analysis showed that, of the 41 gastric cancer tissues, 73% (30/41) showed miR-148a down-regulation in comparison with the matched normal mucosal tissues (relative expression ratio \< 1.0). Moreover, 54% (22/41) of the tumor tissues showed more significant down-regulation of miR-148a (relative expression ratio \< 0.5). Basing on relative expression ratios of \< 0.5, the 41 clinical cases were divided into two groups: miR-148a low expression group (n = 22) and miR-148a high expression group (n = 19). We found that the low miR-148a expression group frequently had more lymph node metastasis (P = 0.017, [Table 2](#pone.0158961.t002){ref-type="table"}).

10.1371/journal.pone.0158961.t002

###### Relationship between miR-148a expression level and clinicopathologic parameters in 41 gastric cancer patients.

![](pone.0158961.t002){#pone.0158961.t002g}

  Clinicopathological parameters        miR-148a expression   P[\*](#t002fn002){ref-type="table-fn"}   
  ------------------------------------- --------------------- ---------------------------------------- -------
  Age (years)                                                                                          
      ≤60                               8                     12                                       0.427
      \>60                              11                    10                                       
  Gender                                                                                               
      Male                              14                    18                                       0.803
      Female                            5                     4                                        
  Location                                                                                             
      Distal third                      12                    9                                        0.155
      Middle third, proximal third      7                     13                                       
  Differentiation                                                                                      
      Well-differentiated, modetately   5                     10                                       0.205
      Poory differentiated              14                    12                                       
  Histologic type                                                                                      
      Intestinal                        18                    16                                       0.147
      Diffuse                           1                     6                                        
  Local invasion                                                                                       
      T1, T2                            3                     4                                        1.000
      T3, T4                            16                    18                                       
  Lymph node metastasis                                                                                
      N0, N1                            14                    8                                        0.017
      N2, N3                            5                     14                                       
  TNM stage                                                                                            
      Ⅰ, Ⅱ                              8                     4                                        0.093
      Ⅲ, Ⅳ                              11                    18                                       

miR-148a expression level associated with clinicopathological features, including tumor location, differentiation, histologic type, local invasion, lymph node metastasis and tumor-node-metastasis (TNM) stage was shown. Statistical significance was assessed by Pearson *x*^2^ test.

\*, Pearson *x*^2^ test.

MiR-148a Inhibits Proliferation and Migration of Gastric Cancer Cells {#sec021}
---------------------------------------------------------------------

Given the down-regulation of miR-148a in gastric cancer tissues, we predicted that miR-148a may function as a tumor suppressor. To verify our hypothesis, ectopic expression as well as knockdown of miR-148a was carried out in gastric cancer cell lines. QRT-PCR was used to ensure the transfection efficiency ([Fig 2A](#pone.0158961.g002){ref-type="fig"}). NCI-N87 cells stably transfected with pSilencer/miR-148a grew more slowly than the control or the parental cells group ([Fig 2B](#pone.0158961.g002){ref-type="fig"}). Conversely, SGC-7901 and MKN-45 cells transfected with miR-148a inhibitor grew faster than the control and the parental cells, respectively ([Fig 2B](#pone.0158961.g002){ref-type="fig"}). These results indicated that miR-148a slower the proliferation in gastric cancer cells.

![The effect of miR-148a on the proliferation and migration of NCI-N87, SGC-7901 and MKN-45 cells.\
(A) Transfection efficiency was assessed by qRT-PCR. The results showed that miR-148a expression vector (p*Silencer*/miR-148a) and miR-148a inhibitor could dramatically affect miR-148a expression in gastric cell lines. Results are means of three independent experiments ± S.D. (\*, P \< 0.05). (B) Cell proliferation was measured by CCK-8. NCI-N87 cells stably transfected with p*Silencer*/miR-148a grew more slowly than the control or wild type group; SGC-7901 and MKN-45 cells transfected with miR-148a inhibitors grew faster than their respective controls. Points, average of three independent experiments; bars, S.D. (\*, P \< 0.05). (C) Up-regulation of miR-148a depressed migration of NCI-N87 cells; SGC-7901 and MKN-45 cells migrated faster after miR148a knockdown. Average migratory cell number of three independent experiments ± S.D. (\*, P \< 0.05).](pone.0158961.g002){#pone.0158961.g002}

We further evaluated the effects of miR-148a on cell migration, which also plays a vital role in malignant progress and metastasis. As shown in [Fig 2C](#pone.0158961.g002){ref-type="fig"}, ectopic expression of miR-148a suppressed migration of NCI-N87 (pSilencer/miR-148a group, 119 ± 16 cells per field; pSilencer/nc group, 217 ± 16 cells per field; wild type group, 228 ± 23 cells per field; P \< 0.05) and, conversely, miR-148a knockdown accelerated migration of SGC-7901 (miR-148a inhibitor group, 239 ± 18 cells per field; inhibitor control group, 92 ± 8 cells per field; mock group, 110 ± 15 cells per field; P \< 0.05) and MKN-45 (miR-148a inhibitor group, 213 ± 32 cells per field; inhibitor control group, 82 ± 9 cells per field; mock group, 105 ± 12 cells per field; P \< 0.05). From these results, we concluded that miR-148a functions as a suppressor in cell proliferation and migration in gastric cancer cells.

Ectopic Expression of miR-148a Inhibits Tumorigenicity *in vivo* {#sec022}
----------------------------------------------------------------

We next examined whether enforced miR-148a expression could suppress tumor growth *in vivo*. NCI-N87/miR-148a, NCI-N87/nc or NCI-N87 cells were injected into male nude mice, and tumor formation was monitored. After 4 weeks, the mice were sacrificed and the tumors were weighted. The results showed that the tumor formation was significantly inhibited in mice injected with NCI-N87/miR-148a cells in comparison with the control or the parental cells ([Fig 3A and 3B](#pone.0158961.g003){ref-type="fig"} and [S1 Table](#pone.0158961.s003){ref-type="supplementary-material"}). The average tumor weight in NCI-N87/miR-148a group was 978.3 ± 181.3 mg, which was significantly lower (P \< 0.05) than that in NCI-N87/nc group (2267.0 ± 512.5 mg) or that in NCI-N87 group (2410.0 ± 398.3 mg; [Fig 3C](#pone.0158961.g003){ref-type="fig"} and [S2 Table](#pone.0158961.s004){ref-type="supplementary-material"}). Thus, our data demonstrated that ectopic expression of miR-148a suppresses tumorigenicity *in vivo*.

![MiR-148a inhibited tumor growth *in vivo*.\
(A) Photographs of tumors derived from NCI-N87/miR-148a (NCI-N87 cells stably transfected with p*Silencer*/miR-148a vector), NCI-N87/nc (NCI-N87 cells stably transfected with p*Silencer*/nc vector) or wild type (parent NCI-N87 cells) in nude mice. (B) Tumor growth curves showed that tumors derived from NCI-N87/miR-148a cells (black line) in nude mice grew more slowly than the control group (dark grey line) or the parental cells (light grey line). Bars, S.D. (C) Average weight of tumors derived from NCI-N87/miR-148a, NCI-N87/nc or wild type NCI-N87 cells. Means ± S.D. are shown (\*, P \< 0.05).](pone.0158961.g003){#pone.0158961.g003}

MiR-148a Targets CCK-BR Directly {#sec023}
--------------------------------

To explore the molecular mechanism by which miR-148a functions in gastric carcinogenesis, TargetScan and PicTar algorithms were used and 5 predicted target genes (ATP6AP2, CCK-BR, MEOX2, MITF, SNN) attracted our attention for their high scores in both algorithms ([S3](#pone.0158961.s005){ref-type="supplementary-material"} and [S4](#pone.0158961.s006){ref-type="supplementary-material"} Tables). Western blot was carried out and CCK-BR protein was significantly down-regulated by miR-148a mimics. Moreover, previous research proved that the gastrin and CCK-BR loop blockage inhibited gastric cancer cells proliferation \[[@pone.0158961.ref022]\]. Thus, CCK-BR was selected for further investigation. CCK-BR, a receptor mainly for Cholecystokinin-B (CCK-B) and gastrin, that can functionally couple with intracellular signaling molecules \[[@pone.0158961.ref023]\], was evaluated and four predicted miR-148a binding sites (named BS1, BS2, BS3 and BS4 respectively) reside within 3'UTR ([Fig 4A and 4B](#pone.0158961.g004){ref-type="fig"}). Therefore, we further tested whether CCK-BR was a direct target of miR-148a in gastric cancer.

![CCK-BR is a validated target of miR-148a.\
(A, B) Putative binding sites of miR-148a in the CCK-BR 3'UTR (white sequences) predicted by TargetScan. (C) MiR-148a mimics depressed the relative luciferase activity control by wild-type CCK-BR 3'UTR, which could be eliminated by nucleotide mutations in BS4 but not BS1, BS2 or BS3 sequences. Means ± S.D. are shown (\*, P \< 0.05). (D) The relative luciferase activity in NCI-N87 stably transfected with p*Silencer*/miR-148a was lower than that in NCI-N87 stably transfected with p*Silencer*/nc. Means ± S.D. are shown. (\*, P \< 0.05).](pone.0158961.g004){#pone.0158961.g004}

To experimentally validate whether CCK-BR was a direct target of miR-148a, a wide-type 3'UTR fragment of CCK-BR was cloned downstream of *Firefly* luciferase gene in the pMIR-REPORT luciferase vector. Since four predicted miR-148a binding sites reside within CCK-BR 3'UTR, four mutant 3'UTR fragments were engineered and cloned downstream of Firefly luciferase gene and the four resulting constructs were pMIR/CCK-BR/mut1, pMIR/CCK-BR/mut2, pMIR/CCK-BR/mut3 or pMIR/CCK-BR/mut4. CCK-BR 3'UTR reporter construct and four mutant 3'UTR reporter constructs were co-transfected into HEK 293T cells with miR-148a mimics and the luciferase activity was detected on 48h post-transfection. Dual-luciferase reporter assays revealed that enforced miR-148a expression significantly attenuated the activity of firefly luciferase with the wild-type 3'UTR, mutant BS1 3'UTR, mutant BS2 3'UTR and BS3 mutant 3'UTR, whereas this effect was abrogated when the BS4 sequence was mutated ([Fig 4C](#pone.0158961.g004){ref-type="fig"}). Subsequent studies disclosed that the luciferase activity of NCI-N87/miR-148a cells with enforced miR-148a expression was significantly attenuated ([Fig 4D](#pone.0158961.g004){ref-type="fig"}). Taken together, these data suggest that miR-148a may inhibit the expression of CCK-BR by directly binding to its BS4 site within 3'UTR.

MiR-148a Expression Correlates inversely with CCK-BR Protein Expression in Gastric Cancer {#sec024}
-----------------------------------------------------------------------------------------

It is known that miRNAs can regulate gene expression through decreased translation of target mRNA, increased degradation of target mRNA, or both. To confirm whether CCK-BR protein expression could be negatively regulated by miR-148a, western blot and qRT-PCR assays were performed. As shown in [Fig 5A](#pone.0158961.g005){ref-type="fig"}, CCK-BR protein level was reduced in NCI-N87/miR-148a cells in comparison with the control group. Conversely, CCK-BR protein level in SGC-7901 cells was up-regulated by miR-148a inhibitor transfection. Nevertheless, qRT-PCR analysis revealed that the CCK-BR mRNA level was not decreased or increased by miR-148a compared with the control ([Fig 5B](#pone.0158961.g005){ref-type="fig"}). These data provided strong evidence to support that miR-148a negatively regulates CCK-BR expression at the post-transcription level.

![MiR-148a expression correlates inversely with CCK-BR protein expression in gastric cancer.\
(A) CCK-BR protein was detected in NCI-N87 cells stably transfected by p*Silencer*/miR-148a (or p*Sliencer*/nc vector) or in SGC-7901 cells transfected by miR-148a inhibitor (or inhibitor control). GAPDH was used as an internal loading control. (B) CCK-BR mRNA was detected in NCI-N87 cells stably transfected by p*Silencer*/miR-148a or p*Sliencer*/nc vector and SGC-7901 cells transfected by miR-148a inhibitor or inhibitor control. The results are shown as fold changes relative to the control. The data represent triplicate measurements from single RNA samples. (C) QRT-PCR analysis of CCK-BR in four paired tumor/matched normal tissues. The data represent triplicate measurements from single RNA samples. (D) Western blot analysis of CCK-BR in four paired tumor/normal tissues (T/N).](pone.0158961.g005){#pone.0158961.g005}

In addition, we measured miR-148a expression level and CCK-BR protein level in 4 pairs of gastric cancer tissues and the matched normal mucosal tissues. As shown in [Fig 5C and 5D](#pone.0158961.g005){ref-type="fig"}, an inverse correlation was observed between CCK-BR expression and the miR-148a expression level.

Knockdown of CCK-BR Inhibits Proliferation and Migration of Gastric Cancer Cells {#sec025}
--------------------------------------------------------------------------------

Since CCK-BR was verified as the target gene of miR-148a in gastric cancer, specific knockdown of CCK-BR should elicit similar phenotypes induced by miR-148a in gastric cancer cells. Therefore, CCK-BR knockdown experiment was performed to determine whether knockdown of CCK-BR has its negative regulatory function on proliferation and migration in gastric cancer cells. For this purpose, NCI-N87 cells were transfected with siRNA, and as a result, CCK-BR protein expression was diminished in NCI-N87 cells ([Fig 6A](#pone.0158961.g006){ref-type="fig"}). As expected, proliferation assay showed that CCK-BR knockdown significantly inhibited cell proliferation ([Fig 6B](#pone.0158961.g006){ref-type="fig"}). Similarly, cell migration was significantly reduced by CCK-BR knockdown (CCK-BR-siRNA group, 41 ± 5.0 cells per field; negative group, 66 ± 8.0 cells per field; NCI-N87 group, 78 ± 9.0 cells per field; P \< 0.05, [Fig 6C](#pone.0158961.g006){ref-type="fig"}).

![The effect of miR-148a can be rescued by down-expressed CCK-BR.\
(A) Western blot was used to monitor the protein level of CCK-BR in NCI-N87 cells 48 h after transfection with CCK-BR siRNA (or negative control). (B) Effects of CCK-BR knockdown on cell proliferation in NCI-N87 cells. Means ± S.D. are shown (\*, P \< 0.05). (C) Migration assay in NCI-N87 cells with CCK-BR siRNA or negative control. Means ± S.D. are shown (\*, P \< 0.05).](pone.0158961.g006){#pone.0158961.g006}

MiR-148a Inhibits Activation of STAT3 and Akt in Gastric Cancer Cells {#sec026}
---------------------------------------------------------------------

Given the important role of STAT3 and Akt activation in cell growth, proliferation and survival in many human cancers \[[@pone.0158961.ref024]--[@pone.0158961.ref027]\], including gastric cancer \[[@pone.0158961.ref028]\], further studies were designed to explore the effects of miR-148a on activation of STAT3 and Akt in gastric cancer cells. Western blot was performed to detect the protein levels of STAT3, phosphorylated-STAT3 (p-STAT3), Akt, phosphorylated-Akt (p-Akt) and CCK-BR in gastric cancer cells. We confirmed that STAT3 and Akt protein expression were constitutively active. However, enforced miR-148a expression effectively down-regulated p-STAT3 and p-Akt protein levels in NCI-N87/miR-148a cells ([Fig 7A](#pone.0158961.g007){ref-type="fig"}). Conversely, down-regulation of miR-148a significantly enhanced p-STAT3 and p-Akt protein levels in SGC-7901 cells ([Fig 7B](#pone.0158961.g007){ref-type="fig"}). Further, CCK-BR, STAT3, p-STAT3, Akt and p-Akt expression level were detected in the tumor sections removed from the mice. As [S1 Fig](#pone.0158961.s001){ref-type="supplementary-material"} shown, CCK-BR, p-STAT3 and p-Akt protein levels were decreased in the tumor tissues in the NCI-N87/miR-148a group.

![MiR-148a inhibits activation of STAT3 and Akt in gastric cancer cells.\
(A) Western blot indicated alterations of STAT3, p-STAT3, Akt, p-Akt, CCK-BR protein levels in NCI-N87/miR-148a, NCI-N87/nc and NCI-N87 group. (B) Western blot showed changes of STAT3, p-STAT3, Akt, p-Akt, CCK-BR protein levels in SGC-7901/miR-148a inhibitor, NCI-N87/inhibitor control and mock group.](pone.0158961.g007){#pone.0158961.g007}

Taken together, our results suggest that miR-148a may inhibit proliferation and migration by targeting CCK-BR via inactivating STAT3 and Akt, as well as subsequent modulation of their downstream molecules.

Discussion {#sec027}
==========

Previous research has shown that miRNAs play a crucial role in several types of human cancer. Using miRNA microarray, we identified the miRNA expression profile in gastric cancer tissues in comparison with the matched normal mucosal tissues, and miR-148a was found significantly down-regulated in cancer tissues. Our data imply its potential role in gastric carcinogenesis. In this study, we aimed to clarify the function and molecular mechanism of miR-148a in the initiation and progress of gastric cancer.

Low expression of miR-148a in gastric cancer tissues indicated that miR-148a may function as a tumor suppressor. Therefore, we predicted that ectopic expression of miR-148a could suppress the oncogenic activity of gastric cancer cell lines. The *in vitro* and *in vivo* assay results confirmed that miR-148a could inhibit proliferation, migration in gastric cancer cells and tumor formation in nude mice, respectively. Similar results have been obtained in several other types of human malignant disease. The silencing of miR-148a expression by DNA hypermethylation was crucial in early pancreatic carcinogenesis, indicating miR-148a's role as a tumor suppressor \[[@pone.0158961.ref029]\]. MiR-148a involves in DNA methylation process via targeting DNMT-1 and, more importantly, serves as a tumor suppressor in hepatocellular carcinogenesis \[[@pone.0158961.ref013], [@pone.0158961.ref030]--[@pone.0158961.ref032]\].

MiRNAs post-transcriptionally regulate gene expression by inhibition of protein synthesis or/and degradation of target mRNA. To explore the mechanism responsible for proliferation and migration-suppressive effects of miR-148a, TargetScan and PicTar database were used and CCK-BR was identified as the potential target of miR-148a. CCK-BR is prominently expressed in gastric mucosa and brain and involved in some human malignant diseases \[[@pone.0158961.ref033]--[@pone.0158961.ref035]\]. Song *et al* reported that miR-148b can suppress cell growth by targeting CCK-BR in colorectal cancer \[[@pone.0158961.ref036]\]. In our study, CCK-BR was validated as a target gene of miR-148a. Up-regulation of miR-148a depressed CCK-BR protein level in gastric cancer cells, and down-regulation of miR-148a enhanced CCK-BR protein level. In addition, we detected reduced luciferase activity from wild-type 3'UTR construct in HEK 293T cells, however, this effect could be diminished when BS4 sequence was mutated. Moreover, we disclosed that CCK-BR protein level in gastric cancer tissues was significantly higher than in the matched normal mucosal tissues and, consistently, miR-148a expression level in gastric tumor tissues was lower. Further, knockdown of CCK-BR can mimic proliferation and migration -suppressive effects induced by enhanced miR-148a expression. Taken together, these data indicated that miR-148a inhibits proliferation, migration and tumorigenicity in gastric cancer cells via targeting CCK-BR.

Recently, many new insights into the core signaling pathways in gastric cancer have been made, including STAT3 and Akt pathways \[[@pone.0158961.ref037]--[@pone.0158961.ref040]\]. These pathways are often constitutively activated in subsets of human gastric cancer tissues and cell lines. Previous study has reported that gastrin acting on CCK-BR induces cyclooxygenase-2 expression through JAK2/STAT3/PI3K/Akt pathway in human gastric cancer cells \[[@pone.0158961.ref028]\]. The Chen group demonstrated that JNK phosphorylates STAT3, which, in turn, activates Akt and induces VEGF expression and cell migration, and they validated the JNK regulation of STAT3 via miR-21 and link the JNK-STAT3-Akt signaling axis to the phosphorylation of EZH2 \[[@pone.0158961.ref041], [@pone.0158961.ref042]\]. In our study, we disclosed that miR-148a inhibits cell proliferation and migration by targeting CCK-BR through inactivation of STAT3 and/or Akt pathway, resulting in inactivation of multiple downstream survival factors.

Some current studies have revealed the miR-148a-involved mechanism underlying human gastric carcinogenesis with ROCK1, DNMT1 and MMP7 as the direct targets of miR-148a \[[@pone.0158961.ref032], [@pone.0158961.ref043], [@pone.0158961.ref044]\]. Although these studies obtained similar results to ours, our work not only reinforces miR-148a's role as a tumor suppressor in human gastric carcinogenesis, but also unveils a new miR-148a-involved mechanism in gastric carcinogenesis for the first time. Our job clarified that miR-148a is down-regulated in human gastric cancer and functions as a suppressor in cell proliferation, migration *in vitro* and tumor formation *in vivo*. More importantly, we successfully proved that miR-148a directly binds CCK-BR and conduct its anti-cancer effects via inactivating STAT3 and Akt, as well as subsequent modulation of their downstream gene products. Deciphering the molecular basis of miR-148a's role in human gastric cancer may extend our understanding in molecular mechanism underlying gastric carcinogenesis, and lay a theoretical foundation for further exploration in early diagnosis, clinical behavior prediction, chemotherapy and biotherapy.

Supporting Information {#sec028}
======================

###### MiR-148a inhibits activation of STAT3 and Akt in xenograft tumor tissues.

Western blot analysis of STAT3, p-STAT3, Akt, p-Akt and CCK-BR protein levels in the xenograft tumor tissues of NCI-N87/miR-148a, NCI-N87/nc and NCI-N87 groups.

(TIF)

###### 

Click here for additional data file.

###### The uncropped blots from which the figure panels were made.

(TIF)

###### 

Click here for additional data file.

###### Tumor volume of mice in NCI-N87, NCI-N87/nc and NCI-N87/miR-148a groups.

Measured at day 8, 12, 16, 20, 24 and 28 after injection.

(XLSX)

###### 

Click here for additional data file.

###### Tumor weight of mice in NCI-N87, NCI-N87/nc and NCI-N87/miR-148a groups.

(XLSX)

###### 

Click here for additional data file.

###### Putative target genes list from TargetScan database.

ATP6AP2, CCKBR, MEOX2, GLRX5, TNFRSF6B, C5orf30, SNN, GADD45A, ARL8B, PDE1C, NPTN, NPEPL1, MITF, CLCN6, KRT76, CDK5R1, AK2, TMEM54, C18orf25, SOS2 ... ...

(XLSX)

###### 

Click here for additional data file.

###### Putative target genes list from PicTar database.

CCBKR, SFRS2IP, MITF, RPS6KA5, ATP6AP2, CGI-109, KIS, DKFZp566C0424, MEOX2, SYNJ1, INO80, TNRC6, SDFR1, ROBO1, PLAA, SNN, USP6, ARL10C, ELF5, MTF1 ... ...

(XLSX)

###### 

Click here for additional data file.
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